Pressure affects the competition between C-H⋯X hydrogen bonds and X⋯X halogen⋯halogen interactions. In bromomethane, CH 3 Br, pressure changes the molecular arrangement of the two solidstate phases of this compound: low-pressure phase α is dominated by halogen⋯halogen interactions, whereas above 1.5 GPa the β phase is governed by C-H⋯halogen bonds. The CH 3 Br phase α is isostructural with solid CH 3 I of orthorhombic space group Pnma, while CH 3 Br phase β is polar, isostructural with CH 3 Cl and CH 3 CN crystals, of orthorhombic space group Cmc2 1 . The crystal structures of CH 3 Cl (b.p. = 249.1 K) and CH 3 Br (b.p. = 276.7 K) have been determined by high pressure single-crystal X-ray diffraction up to 4.38 GPa and 2.85 GPa, respectively. In CH 3 Br, pressure of 1.5 GPa enforces the close packing and opposite electrostatic-potential matching between molecular surfaces in contact. The interweaved C-H⋯X bonded diamondoid networks of β-CH 3 X are similar to those of acetonitrile, H 2 O ice VII and solidified X 2 halogens. The phase diagrams of CH 3 Br and CH 3 Cl have been constructed.
Introduction
The molecular arrangement in crystals is most often associated either with Kitaigorodski's close packing rule or with specific intermolecular interactions, such as OH⋯O hydrogen bonds in H 2 O ice. Even weak specific interactions, such as halogen⋯halogen, 1,2 halogen⋯O [3] [4] [5] and CH⋯O contacts, 6 can compete between themselves 7, 8 and with the close packing rule. 9 Members of the group of halomethanes (CH 3 X, X = Cl, Br, I) are the simplest organic polar compounds and ideal models for studying weak halogen⋯halogen and C-H⋯halogen interactions. In many molecular crystals without strong hydrogen bonds the X⋯X and C-H⋯X interactions dominate the molecular arrangement and are the shortest intermolecular contacts in the crystal structure. 10 Pressure can considerably modify the intermolecular interactions in crystals. It was evidenced that weak hydrogen bonds CH⋯O [11] [12] [13] and CH⋯N 14 significantly increase their role in high-pressure structures. For example, formamide 15 and (+)-sucrose 16 transform at high pressure as a result of the increased role of CH⋯O interactions, in sucrose competing with OH⋯O bonds. The competition between halogen⋯halogen and C-H⋯halogen interactions was studied for a series of six dihalomethanes CH 2 XY (X, Y = Cl, Br, I). They crystallize in several structural types of space group Pbcn (CH 2 Cl 2 , CH 2 BrCl phase II), C2/c (CH 2 Br 2 , CH 2 I 2 phase I, CH 2 BrCl phase I, CH 2 BrI), Pnma (CH 2 ClI phase III), Pna2 1 (CH 2 ClI phase IV) and Fmm2 (CH 2 I 2 phase II). [17] [18] [19] [20] [21] [22] In all of these compounds and their polymorphs, halogen⋯halogen interactions persist despite considerable structural differences. However, the persistence of halogen⋯halogen contacts in dihalomethanes can be due to the geometric effect of at least two-thirds of the molecular surface (for CH 2 Cl 2 ) belonging to the halogen atoms. In these structures, even if other contacts are preferred and formed, the halogen⋯halogen contacts would be formed simply for there is no other molecular surface available. In methyl halides, of general formula CH 3 X, there is one halogen atom per molecule (hence its molecular surface is smaller than those of CH 2 X 2 and CHCl 3 ) and the competition between C-H⋯X and X⋯X interactions is more apparent. Therefore we have studied the structures of methyl halides in order to determine the effect of pressure on X⋯X and H⋯X interactions. CH 3 Cl and CH 3 Br are gases under normal conditions, which required that a special technique be developed and employed for loading these gases into the diamond-anvil cell (DAC). The low-temperature/ambient-pressure CH 3 Br and CH 3 I crystals are isostructural, of the orthorhombic space group Pnma, 23, 24 while the CH 3 Cl crystal has a different structure, of the orthorhombic space group Cmc2 1 . 25 At room temperature the Pnma-symmetric CH 3 I structure is stable up to at least 2.5 GPa. 26 No polymorphs or phase transitions were detected in CH 3 Cl and CH 3 I at low temperature, while calorimetric measurements indicated that CH 3 Br undergoes a first-order phase transition at 173.75 K. 27 The Raman and far infrared spectra showed that the deuterated analogue, CD 3 Br, transforms at 158 K, about 16 K below the transition of CH 3 Br. 28 The crystal structures of CD 3 Br in both its phases were determined by neutron powder diffraction at 175 K and 146 K. 29 We have presently established that in that study the high-and low-temperature phases were confused. Initially, the sample had been kinetically flash-frozen and cryo-ground in the temperature and atmosphere of liquid nitrogen. In accordance with Ostwald's rule the sample crystallized in the hightemperature phase α and at 146 K it was metastable throughout data collection. This α-phase determined at 146 K was of the orthorhombic space group Pnma. Then the sample had transformed to the low-temperature β phase before it was warmed to 175 K, i.e. 17 K above the transition temperature of CD 3 Br at 158 K. Again, the β phase remained metastable under these conditions for the duration of powder data collection at least. Thus incidently at higher temperature the crystal structure of low-temperature phase β was determined. This β-phase is of the orthorhombic space group Cmc2 1 . Consequently, in that previous study the persistence of crystal phases in their metastable regions caused the reversed assignment of high-and low -temperature phases α and β, respectively.
29
The phase diagrams of CH 3 Br and CH 3 Cl presently outlined in our study are shown in Fig. 1 . These phase diagrams of CH 3 Cl and CH 3 Br have similar melting and boiling boundaries, shifting slightly toward lower temperature and higher pressure for CH 3 Cl. In this respect, the transition of CH 3 Br between solid phase α, isostructural with the crystal of CH 3 I, and phase β, isostructural with CH 3 Cl, is particularly intriguing. The crystal structure of perdeutered methyl fluoride, CD 3 F, determined by neutron powder diffraction at 5 K, is of the monoclinic space group P2 1 /n and is distinctly different from other methyl halides. 30 Presently, we have extended the structural relationship and phase diagrams of CH 3 Cl and CH 3 Br into the high-pressure region ( Fig. 1) 2) were obtained under isochoric conditions: the DAC with the polycrystalline mass was heated with a hot-air gun till all but one grain melted. Then the DAC was slowly cooled to room temperature and the single crystal grew and eventually filled the entire volume of the chamber. The experimental details and progress of growing the single crystals of CH 3 Cl are shown in Fig. S1 -S4 † and of CH 3 Br in S5-S9 in the ESI. † Diffraction data were collected at 295 K using a KUMA KM4-CCD diffractometer with graphite-monochromated MoKα radiation. 32 The CrysAlisCCD and CrysAlisRED programs 33 were used for the data collection and determination of the UB matrix and for the initial data reduction and Lp corrections for both compounds. The intensity of reflections has been accounted for by the absorption of X-rays by the DAC, sample shadowing by the gasket, and absorption of the sample crystal itself. 34, 35 The crystal structures of CH 3 Cl and CH 3 Br were solved by direct methods. H atoms were located from molecular geometry, in α-CH 3 Br the disordered model was applied (Shelxl instruction AFIX 137), 36 and the structures were refined with anisotropic C and X atoms. Details of the experiments, structure refinements and crystal data are given in the ESI. † The program GAUSSIAN03 37 and a PC were used with the B3LYP/3-21G** level of theory for DFT calculations of the electrostatic potential on the surface of CH 3 X molecules. Electrostatic potential was mapped onto the molecular surfaces defined as 0.001 a.u. electron-density envelope. 38 
Discussion
Isobaric and isothermal freezing of halomethanes CH 3 X leads to the same crystalline phases. [23] [24] [25] (−1.9%) (Fig. 3) . Two main molecular-association types conform to the opposite electrostatic-potential matching principle. 22 In CH 3 X molecules the negative electrostatic potential (Fig. 4) is on the rim about the C-X bond, the more positive potential region is on the "caps" of the X atom at the extension of the C-X bond and the highest potential is around the H-atoms. The electrostatic potential magnitude and the area at the extension of C-X bonds increase from F to I (Fig. 4) .
Based on the electrostatic-potential magnitudes (Fig. 4) , the halogen⋯halogen interactions in CH 3 I are stronger than those in CH 3 Br and those in CH 3 Cl are still weaker. Indeed, the CH 3 I structure is governed by I⋯I contacts, 26 and no Cl⋯Cl but C-H⋯Cl contacts are formed in CH 3 Cl. The positive electrostatic potential on the halogen atom polar region of the molecular surface can act like H-donors in hydrogen bonds. Fig. 4 shows that the magnitude of polar electrostatic potential of the iodine atom is approximately twice as high as that of bromine and that no positive polar potential exists in CH 3 Cl. This is consistent with the strongest preference for the X⋯X bonds in CH 3 I and in CH 3 Br. The electrostatic potential of the H atoms is higher than that of the I atoms and approximately equal for all CH 3 Cl, CH 3 Br and CH 3 I. A large contribution to the X⋯X interactions arises from the polarizability of halogen atoms. This contribution to dispersion forces between Cl⋯Cl, Br⋯Br and I⋯I atoms is equal to −2.5, −3.2 and −4.9 kJ mol −1 , respectively. Thus the high positive potential at the polar region of the iodine atom and the strongest dispersion forces of I⋯I interactions favour the halogen⋯halogen bonds in CH 3 I. The lower positive potential of Br and the weaker dispersion interactions make the Br⋯Br bonds less competitive. Pressure reverses the balance between the two polymorphs of CH 3 Br and it can be argued that it enforces the most efficient involvement of all H-donors in the compressed structure. This pressure effect was observed in sucrose, 16 acetonitrile 14 and formamide. 15 Halomethanes CH 3 X crystallize either in space group Cmc2 1 or in space group Pnma. Although the space-group symmetries are different, the CH 3 X structures have much in common ( Tables 1 and S1 and S2 in the ESI †), four molecules in the unit cells are located on the mirror planes, and the molecular arrangements in both these symmetries approximate the prototypical orthorhombic symmetry Cmca of isostructural Cl 2 , Br 2 and I 2 crystals. 39, 40 This subgroup-group relationship results from the symmetry of halomethane molecules, C 3v , lower than that of the dihalogen molecules, D ∞h . Fig. 5 shows that the prototypic Cmca symmetry is broken due to the antiparallel arrangement of molecules in α-CH 3 Br and the parallel arrangement of molecules in β-CH 3 Br. The encircled molecules in the plane perpendicular to [z] are all antiparallel in α-CH 3 Br (Fig. 5a ) and parallel in β-CH 3 Br (Fig. 5b) . Both these phases correspond to the prototypic Br 2 structure of higher space group symmetry Cmca, where the molecules are located on the inversion centres.
In phase α-CH 3 Br, of space group symmetry Pnma, the molecular layers are linked by Br⋯Br interactions of type II. [41] [42] [43] The positive and negative regions of each bromine atom are electrostatically matched with its two Br neighbours in a zigzag chain (Fig. 5a ). The C-Br⋯Br i -C i contacts are asymmetric, with the C-Br⋯Br angles close to 120°and 170°(see Table 2 ). Within the layers the electro-positive methyl groups are also arranged in a zigzag motif between the negative rims of the Br atoms in the neighbouring layers (Fig. 5) . In β-CH 3 Br the halogen bonds Br⋯Br are broken and replaced by bonds C-H⋯Br (Fig. 5b, Table 2 ). Each CH 3 Br molecule forms three C-H⋯Br bonds on the H-donor side and accepts three C-H⋯Br bonds around the Br atom. The molecules are arranged head-to-tail into two 3-dimensional interpenetrating (CH⋯Br)-bonded networks (Fig. 5b) . Between these two networks the molecular parts of opposite electrostatic potential are closer than those of the same sign. The difference between phases α and β is most apparent in the ratio of Br⋯Br contacts contributing 5.5% to the overall Hirschfeld surface at low pressure and this contribution is reduced five-fold at high pressure to about 1%. This rearrangement causes a massive effect for the H⋯Br Hirschfeld-surface contributions, increasing from 49.6% at 1.11 GPa to 62.1% at 1.55 GPa. These changes in contributing Hirschfeld areas are compensated for in the reduced surface of H⋯H contacts of 44.9% and 36.9%, respectively. Table 2 ). The layers in α-CH 3 Br (a) are coloured red ( y = 0.75) and blue (y = 0.25); the interpenetrating 3-dimensional networks in β-CH 3 Br (b) are discriminated by colours, too. The encircled groups of molecules correspond to the same part of the prototypic Br 2 structure, as explained in the text. The displacement ellipsoids are drawn at the 40% probability level. Isobaric, 25 isothermal and isochoric crystallization of CH 3 Cl all lead to the same phase isostructural with β-CH 3 Br. It is apparent that weaker Cl⋯Cl interactions are overcome by C-H⋯Cl bonds (see Table 3 ) and no Pnma-symmetric polymorph is formed. The CH 3 Cl structure is consistent with the chlorophobic rule. 44, 45 It is remarkable that CH 3 Br phase β is isostructural with the high-pressure acetonitrile phase β.
14 The CH 3 Br and CH 3 CN molecules are similar in shape and in the electrostatic potential distribution on the molecular surface (except the polar Br-atom positive region, which is not involved in the C-H⋯Br bonds). Also, the favoured directions of C-H⋯X bonds are similar. Consequently, a similar aggregation of three molecules around each -Br and N atoms takes place (Fig. 6) . The difference, that in acetonitrile the transition is induced by the transformation between 2-fold C-H⋯N (α-CH 3 CN) to 3-fold C-H⋯N (β-CH 3 CN) bonding whereas methyl bromide transforms between 2-fold Br⋯Br (α-CH 3 Br) to 3-fold C-H⋯Br Table 2 Selected interatomic distances (Å) and angles (°) of the crystalline CH 3 Br phase α and β structure at high pressure compared with those observed at low-temperature. Intermolecular distances shorter than the sum of van der Waals radii 52 (β-CH 3 Br) bonding, is meaningful. It indicates that, apart from other factors, the steric hindrance between large halogen atoms can be disadvantageous for their close association.
Conclusions
Phase α-CH 3 Br, isostructural with CH 3 I and dominated by halogen⋯halogen bonds, is destabilized by pressure and transforms into phase β-CH 3 Br governed by C-H⋯halogen interactions. Phase β of CH 3 Br and the CH 3 Cl crystal are isostructural. It can be envisaged that CH 3 I may also transform into a C-H⋯I bonded phase at pressure considerably higher than 2.5 GPa as obtained in our previous study. 26 Due to halogen⋯halogen and C-H⋯halogen forces systematically increasing in the CH 3 Cl < CH 3 Br < CH 3 I sequence, only CH 3 Cl up to 1.2 GPa and CD 3 Br phase β determined at ambient pressure and 175 K 29 are the loose crystals. 46, 47 This indicates that CH 3 X molecules are more evenly accommodated in space group Cmc2 1 and that C-H⋯X interactions are favoured by the close-packing effect. This effect can significantly contribute to the stability of CH 3 X at high pressure. However, detailed measurements of the CH 3 Br crystal volume as a function of temperature are still needed to evaluate the contribution of close packing to the C-H⋯X versus X⋯X competition. 
